Introduction
Vitamin D deficiency has been reported to be common among children with asthma in diverse settings, and to associate with reduced forced expiratory volume in one second (FEV1), poor asthma control and increased requirement for inhaled corticosteroids (ICS) (1) (2) (3) (4) (5) . Despite the high prevalence of both asthma and vitamin D deficiency among adults in the industrialised world, cross-sectional studies assessing the prevalence, determinants and clinical correlates of vitamin D deficiency in adults with asthma have not previously been performed in such settings to our knowledge. Moreover, despite evidence suggesting that We therefore conducted a cross-sectional study to assess the prevalence of vitamin D deficiency in a group of adults with ICS-treated asthma in London, UK, and to explore environmental and genetic determinants of vitamin D status in this group. We also conducted analyses to determine whether serum 25(OH)D concentration or genetic variation in the vitamin D pathway associated with markers of asthma control in this population, including symptom control, FEV1, forced vital capacity (FVC), ICS requirement and fractional exhaled nitric oxide concentration (FeNO). Additional analyses were performed to determine whether serum 25(OH)D concentration and genetic variants in the vitamin D pathway interacted to influence asthma control.
Methods

Participants
Adult patients with a medical record diagnosis of asthma treated with ICS were identified by searching databases at 60 general practices and at asthma clinics in 2 Acute National Health Service Trusts in London, UK, and invited for screening as previously described (7) . The study was approved by East London and The City Research Ethics Committee 1 (ref 09/H0703/67) and written informed consent was obtained from all participants before enrolment.
Procedures
Respondents were asked to complete a lifestyle questionnaire detailing age, sex, ethnicity, self-reported Fitzpatrick skin-type (8), self-classified socio-economic position (SEP) using the National Statistics -SocioEconomic Classification (NS-SEC) method (9), daily hours spent outdoors, history of recent sunny holidays abroad (defined as a trip to any location within a latitude 51 o North/South of the equator, during the local sunny season, 2 months prior to blood draw, for a duration of ≥1 week), smoking behaviour and consumption of alcohol and supplemental vitamin D. Respondents also completed the asthma control test (ACT) questionnaire (10) , and underwent a baseline clinical assessment including the following: spirometry before and after inhalation of 400 μg salbutamol via a spacer device, performed using a MicroLab ML3500 samples were processed to make cytospin slides according to methods described by Pizzichini et al (13) .
Differential cell counts were performed by one operator for all specimens throughout the study; a second operator repeated cell counts on a randomly selected sub-set of 20 slides: differential cell counts were highly correlated between operators (for eosinophil count, Pearson's r =0.95, 95% CI 0.87 to 0.98, P<0.001).
Single nucleotide polymorphism panel selection
A literature search of the PubMed database was performed to identify SNP previously shown to associate with serum 25(OH)D concentration or non-skeletal disease outcomes, which is described elsewhere (14) .
We identified 55 such SNP in 11 genes in the vitamin D pathway. Based on linkage disequilibrium (LD)
relationships between these SNP, we selected 6 tagging SNP (tSNP) (15), using a r 2 threshold of 0.8, which reduced the number of SNP genotyped to 37. were continuous. Non-normally distributed dependent variables were transformed to their natural logarithms. All factors with a minimum of 5 participants per outcome were fitted in multiple linear regression models to give adjusted coefficients, along with a 95% confidence interval and a P value for pairwise association in variables with 2 categories, or a P value for trend where in variables with ≥3
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categories. For the analyses exploring associations between vitamin D pathway SNP and clinical correlates of asthma phenotype, a P value for the interaction between SNP genotype and baseline vitamin D status was also generated. In the case of log-transformed dependent variables, the anti-log of the adjusted regression coefficient is presented. Genetic analyses were adjusted for all putative environmental determinants of serum 25(OH)D concentration (for n=15 SNP previously found to associate with vitamin D status), or clinical correlates of asthma phenotype (for n=35 SNP previously found to associate with vitamin D status and/or non-skeletal disease outcomes) that were investigated. Multiple comparison testing was then applied using the Benjamini & Hochberg method with a false discovery rate (FDR) of 5% (18) . All environmental and genetic independent variables were classified as categorical variables. All SNP were analysed under an additive model.
Results
Study population
A total of 297 adults with a medical record diagnosis of ICS-treated asthma were enrolled in the study 
Environmental determinants of serum 25(OH)D concentration
Environmental determinants of vitamin D status are presented in 
Genetic determinants of serum 25(OH)D concentration
Genetic determinants of vitamin D status are presented in 
Association between vitamin D status and asthma phenotype
Clinical determinants of vitamin D status are presented in Table 4 . After adjustment for potential confounders, we found no relationship between vitamin D status and asthma phenotype. Specifically, we found no statistically significant independent association between serum 25(OH)D concentration and Asthma Control Test score (Table S1 ), % predicted FEV1 (Table S2) , % predicted FVC (Table S3) , inhaled corticosteroid dose (Table S4) , FeNO (Table S5) or induced sputum eosinophilia (Table S6 ; n=35 sub-set of participants). However, multiple linear regression analysis did show other factors to associate with these various aspects of asthma phenotype. Poor asthma control, as indicated by lower ACT scores, was independently associated with lower alcohol consumption (P for trend = 0.003), BMI ≥25kg/m 2 (P=0.026), non-White ethnicity (P<0.001) and lower SEP (P for trend = 0.018; Table S2 ). Older age and non-White ethnicity associated with decreased % predicted FEV1 (P<0.001 for both factors, Table S3 ). Alcohol consumption and previous pneumococcal vaccination associated independently with increased ICS dose (P=0.03 for both factors, Table S4 ). Decreased FeNO levels were associated with female sex (P<0.001) and history of current smoking (P=0.040, Table S5 ), while sputum eosinophilia was positively correlated with peripheral blood eosinophilia (P=0.013, Table S6 ).
Association between genetic factors and asthma phenotype
Genetic determinants of clinical correlates of asthma phenotype are presented in Table S7 (% predicted FEV1), Our analysis of other determinants of asthma phenotype identified a number of expected predictors, but also revealed some new information. The association between increased alcohol consumption and improved asthma control is intriguing: a negative association between maternal alcohol consumption and risk of asthma in offspring has been previously reported (28) . More research is needed to understand the relationship between alcohol intake and asthma control, and to identify potential mechanisms of protection if applicable. Our finding of an independent association between poorer asthma control and non-White ethnicity chimes with other reports (29, 30) ; the fact that serum 25(OH)D did not associate with ACT score in this analysis suggests that lower vitamin D status does not account for such ethnic differences in asthma control.
Study strengths
Our study has several strengths. We investigated a wide range of potential environmental and genetic determinants of vitamin D status and asthma control, recorded detailed information on potential confounders of the relationship between 25(OH)D and asthma control, and phenotyped patients in considerable detail: spirometry and measurement of FeNO were performed using international guidelines
and serum 25(OH)D concentrations were measured with the gold standard assay (LC-MS/MS) in a laboratory
that participated in the international vitamin D external quality assurance scheme (www.deqas.org/). The study population included patients with mild, moderate and severe disease from both community and hospital settings, studied across all seasons: these features enhance generalisability of our results.
Study limitations
Our study also has some limitations. A minority of participants had serum 25 50.6 (24.9) [1] Ethnicity not reported in n=1. Mixed ethnicity: n=6 White and Black Caribbean, n=1 British Mauritian, n=1 Asian Caribbean, n=1 Irish Sri Lankan. [2] Fitzpatrick skin-type scores: 1 = extremely fair skin; always burn, never tan, 2 = fair skin; always burn, sometimes tan, 3 = pale skin; sometimes burn, always tan, 4 = olive skin; rarely burn, always tan, 5 = moderately pigmented brown skin; never burn, always tan, 6 = markedly pigmented black skin; never burn, always tan. [3] SEP classes: 1 = managerial, administrative and professional occupations, 2 = intermediate occupations, 3 = small employers and own account workers, 4 = lower supervisory and technical occupations, 5 = semi-routine and routine occupations, 6 = student, 7 = Never/Long-term (>5yrs) unemployed. [4] Vitamin D supplement consumption not reported in n=7. [5] One alcohol unit = 8g pure alcohol. [6] Recent sunny holiday not reported in n=5. [7] 1µg beclometasone assumed equivalent to 1µg budesonide, 0.5 mcg fluticasone dipropionate and 0.75 mcg ciclesonide. [8] Includes combinations of ICS/LABA and LABA [3] Vitamin D supplement consumption not reported in n=7. [4] Fitzpatrick skin-type scores: 1 = extremely fair skin; always burn, never tan, 2 = fair skin; always burn, sometimes tan, 3 = pale skin; sometimes burn, always tan, 4 = olive skin; rarely burn, always tan, 5 = moderately pigmented brown skin; never burn, always tan, 6 = markedly pigmented black skin; never burn, always tan. [5] Recent sunny holiday not reported in n=5. [6] [7] Univariate method: Student's T-test/One-way ANOVA [8] Adjusted for all investigated potential determinants of 25 
